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Abstract 
In the three phase catalytic reactions or in floatation the position of particles in respect 
to the gas/liquid interface is a crucial parameter affecting the efficiency of those processes. It 
is commonly assumed that three phase interactions are described by the contact angle, and in 
general the higher the contact angle the greater the probability of the particle attachment to 
gas/liquid interface. Contact angles are notoriously difficult to measure accurately for porous 
particles of wide size distribution and/or irregular shape. Also, it is practically impossible to 
measure the contact angles at high temperature/pressure e.g. at the conditions typical in many 
catalytical reactors.  
Here new method, based on thermodynamical description of the interfacial/surface 
energies, enabling prediction of the position of particles in a three phase solid/gas/liquid 
systems is discussed. In this method the surface energy of catalyst particles at elevated 
temperatures is measured using inverse gas chromatography enabling calculation of total 
interaction energy between three phases and the prediction of the position of particles in 
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gas/liquid dispersion. The predictions were in very good agreement with experimental results 
obtained with the bubble pick up method. 
 
Keywords: surface energy, particles to bubble attachment, inverse gas chromatography, pick 
up method 
 
1. Introduction 
The position of solid particles in respect to fluid/liquid interface might critically affect 
efficiency of flotation processes (Ralston et al. 1999; Albijanic et al. 2010; Muganda et al. 
2011), stability of emulsion (Pickering 1907; Binks 2002; Binks et al. 2005) as well as  
overall reaction rate in multiphase catalitical reactors (Vinke et al. 1991; Ruthiya et al. 2004; 
Junmei et al. 2006; Hu et al. 2007). Prediction of the position of the solid particles in 
gas/solid/liquid systems (in the bulk of liquid or at the interface between two gas and liquid) 
is rather difficult and the simple method based on the values of contact angle is not always 
accurate. According to this method it is commonly accepted that in gas/liquid/solid 
dispersions, the particles might stay on the gas/liquid interface when the three phase contact 
angle θ>0° (Vinke et al. 1991; Dai et al. 1999) and the larger the contact angle the stronger 
the attachment. Whilst indication of the position of particles based on the value of the contact 
angle is simple and straightforward the measurements of contact angle between particle and 
liquids as such might be challenging (Nowak et al. 2013; Nowak et al. 2013a) Even at the 
room temperature/pressure such measurements for porous particles (catalyst) is not 
straightforward and it is practically impossible to obtain accurate values of contact angles at 
the elevated temperature/pressure typical for many multiphase catalitical reactors.  The 
contact angles measured at room temperature might be different than contact angle at 
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elevated temperature since the surface tension and surface/interfacial energy depends on the 
temperature (Israelachvili 2011).  
In this work, the position of solid particles in gas/solid/oil dispersions has been 
investigated theoretically and experimentally. The theoretical considerations are based on 
thermodynamical description of the work of adhesion/cohesion (Israelachvili 2011) applied to  
macroscopic system. This methodology enables prediction of the particles most favourable 
position, i.e. whether they tend to remain in the bulk of the liquid or at the gas/liquid 
interface.     
The work associated with the particle detachment from the gas/liquid interface can be 
expressed in terms of surface energies between: gas/solid (γsg), gas/liquid (γlg) and 
solid/liquid (γsl) as ilustrated in Figure 1.   
 
The energy of the particle detachment (∆E) can be expressed in terms of work of adhesion 
between solid/liquid and gas/solid ( lga sg slW γ γ γ= + − ) and work of the liquid cohesion (
lg2cW γ= ) (Israelachvili 2011): 
 
lgc a sl sgE W W γ γ γ∆ = − = + −        (1) 
 
For the ∆E > 0, lg sgslγ γ γ+ >  the attraction between gas and solid is stronger than 
attraction between liquid and solid, therefore the particle tent to adhere/attach to gas/liquid 
interface.  For the ∆E < 0, lg sgslγ γ γ+ <   liquid displaces gas on the solid surface and 
totally wets the solid therefore the particles tend to stay in  the liquid.  Therefore, if the 
surface energies between gas/liquid (γlg ), gas/solid ( γsg ) and solid liquid ( γsl ) are known it 
is possible to predict the position of particles in gas/liquid dispersion. Whilst the energy 
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between gas and pure liquids (surface tension, γlg) is readily available in the tables of physical 
properties (Yaws 2012) the gas/solids surface energies (γsg) and solid/liquid interfacial energy 
( γsl ) strongly depend on the treatment of the solid surfaces (Schmidt 2001) therefore are not 
available in the literature and they have to be measured. 
The interfacial energy between solid and liquid consists of their surface energies  reduced by 
the energy of interactions between them due to polar and non-polar (dispersive) forces 
(Fowkes 1962; Fowkes 1987).  Depending on the physical properties of solid and liquid 
(polarity, dielectric constant etc.) the interactions can be either entirely due to the dispersive 
forces  or it can also have the polar components (Van Oss et al. 1988) (Fowkes 1987): 
 
 
( ) ( ) 2/1lg2/1lglg 22 ppsgddsgsgsl γγγγγγγ ⋅−⋅−+=   (2) 
 
The systems investigated here consist of non-polar oil, therefore interactions with catalysts 
particles can occur only due to dispersive forces.  In such case the interaction energy can be 
calculated from (Fowkes 1962; Fowkes 1964): 
 
 
( ) 2/1lglg 2 ddsgsgsl γγγγγ ⋅−+=     (3) 
 
and the change of system energy from:  
 
 
( ) 2/1lglg 22 ddsgE γγγ ⋅−=∆       (4) 
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This means that the energy of the particle attached to the bubble can be determined if the 
dispersive component of surface free energy of the article is known as dispersive component 
of gas/liquid interaction are equal to the surface tension of  the non-polar oil. 
 
Interfacial energy between solid and gas strongly depends on the processing methods, e.g. 
solids processed at low temperature have different surface energy than the same solid 
processed at high temperature; also chemical treatment affects surface energy as it might 
change the zeta potential (Schmidt 2001).   
Recently inverse gas chromatography (IGC) has been employed to measure dispersive 
component of  surface energy of both porous and non-porous solid particles  (Diaz et al. 
2007; Xue et al. 2008; Cuervo et al. 2009; Das et al. 2010; Grajek et al. 2010; Shi et al. 
2011; Kolodziejek et al. 2013). In  inverse gas chromatography  net retention volume/time 
depends on the strength of  the interactions between fluid (probes) and adsorbent (solids) (Xie 
et al. 2000):  
 
 
( )0N rV jF t t CT= −
     (5) 
 
The retention volume is related to the adsorption energy of  the solid phase (Liu et al. 1998; 
Grajek et al. 2010): 
 
 
lnads NG RT V const∆ = − +
     (6) 
 
where the constant depends on the type of chromatographic column and selected reference 
state. 
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The adsorption of probe molecules is caused by dispersive and polar interactions and can be 
related to the work of adhesion by (Grajek et al. 2010): 
 
 ads A adhG N aW∆ = −      (7) 
 
where a is a molecular area of an adsorbed molecule (Diaz et al. 2005): 
 
 
2/3
141.09 10
A
M
a
Nρ
 
= ⋅  
 
     (8) 
 
The relation between the adsorption energy and the work of adhesion enables 
calculation of the surface energy of solid particles from measured  retention volume.  
Because non-polar liquids adsorption can occur only due to dispersive forces  the dispersive 
component of the particles surface energy can be obtained from (Newell et al. 2001): 
 
 ( ) ( )1/2 1/2ln 2 d dN A s lRT V N y a constγ= +    (9) 
 
and it is equal to the slope of the line defined by Eq 9 in (RTlnVn) versus ((γld)1/2 ) 
coordinates. This means that when the particles surface energy in presence of a the non-polar 
liquid is known the position of catalyst particles in gas/solid/oil systems can be predicted.  It 
is worth to stress here that this approach enables calculation of surface energy at an elevated 
temperature/pressure e.g. conditions frequently occurring in the industrial applications.   
 In this work inverse gas chromatography was used to measure surface energy of selected 
catalyst particles at elevated temperatures. The results were compared with the predictions 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
7 
 
based on the values of contact angle (Nowak et al. 2013) and validated against experimental 
results obtained with the bubble pick up method (Vinke et al. 1991). 
 
2. Experimental 
Two sets of experiments were carried out.  
 In the first set the dispersive components of the surface energy of catalyst particles in 
(i) the set of consecutive alkanes of monotonically increasing molecular size and (ii) in the 
non-polar viscous (vara oil) and non-viscous (n-decane) liquids were measured. The 
measurements carried out with alkanes were aimed at verification of the theoretical method 
used for prediction of the position of particles in gas/solid/liquid suspensions discussed 
above. The measured dispersive component of surface energy of the particles with paraffin 
oil and with n-decane were used to predict the position of particles in such systems and to 
compare the results with the prediction based on the values of the contact angle (Nowak 
2013). 
In the second set of experiments the attachment of the catalyst particles to a single 
bubble suspended in the paraffin oil and in the n-decane was investigated and the results were 
compared with the theoretical predictions based on the dispersive components of surface 
energy and on the contact angle.   
 
2.1. Materials  
The following catalyst supports supplied by Johnson Matthey were investigated: Al2O3 
(d32=16µm), SiO2 (d32=13µm), ZrO2 (d32=26µm) and details of all physical properties can be 
found elsewhere (Nowak et al. 2013). Supplied by Johnson Matthey viscous oil (Heavy 
Liquid Paraffin VARA 600/240 PB, CAS No: 8042-47-5; EINECS No: 2324558) fulfil the 
DAB/BP/USP and FDA regulation 21 CFR 178.3570 on the purity requirements. Range of 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
8 
 
alkanes (C6H14, C7H16, C8H18, C9H20 and C10H22) was purchased from Sigma-Aldrich. The 
properties of liquids used are lited in Table 1.  
 
2.2. Inverse gas chromatography 
The inverse gas chromatography involves injection of fluid (vapour) into a column filled with 
the investigated particles and measurements of the retention time as in the standard 
chromatography. However in this case rather than composition of the liquid phase (standard 
chromatography) the strength of interaction between fluid (adsorbate) and solid (adsorbent) is 
determined from the measured retention time.   IGC can be used to measure range of physical 
properties such as adsorption isotherms, heats of adsorption, solubility coefficients, free 
energy of adsorption, as well as, polar and dispersive components of surface free energy 
(Newell et al. 2001; Diaz et al. 2005; Xue et al. 2008; Das et al. 2010). This method is 
frequently used to characterise powder surface properties in pharmaceutical industry 
(Grimsey et al. 2002), coatings (Hegedus et al. 1993), composite particles (York et al. 1998) 
and also to characterise surface properties of catalysts (Diaz et al. 2005; Cuervo et al. 2009).  
In this work gas chromatograph Perkin-Elmer 8500 equipped with the flame 
ionization detector and copper column (length of 30cm and inner diameter of 2mm) enabling 
measurements at high temperature and pressure was used. The column was filled with 
investigated particles using vacuum pump, silanized wool stoppers were inserted at the both 
ends and column was left for 24h at 100°C with inert gas (nitrogen) passing through it in 
order to remove all impurities and water vapour. The temperature of the injection port was set 
above the boiling point of all investigated liquids (230°C) to ensure complete evaporation of 
injected liquids. During the experiments gas flow rates were measured using bubble in water 
flow-meter. Each measurement was repeated 3 times for each liquid/solid combination and 
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the average retention time was used to  calculate  retention volume. The dispersive 
component of solid surface energies was determine using following alkanes C6H14, C7H16, 
C8H18, C9H20 . In order to stay within linear regime of adsorbtion, the vapours were strongly 
diluted in nitrogen (1 µl Hamilton syringe) before the mixture was injected into the column.  
At the infinite dilution  the adsorbate  covers small fraction of the adsorbent and the results 
are not affected by adsorbate-adsorbate interactions (Mukhopadhyay et al. 1995). The time of 
passing non-adsorbing fluid (dead time) was measured using methane also at very low 
concentration.  Table 2 summarizes experimental conditions.  
 
2.3. Particles to a single bubble attachment 
The attachment of the particles submersed in liquid to the single bubble was 
investigated in an experimental rig schematically shown in Figure 2.  
 
Particles (1) were suspended in the liquid in a glass, rectangular container (4) placed 
on the stand (6) enabling vertical movement and were left to sediment for 24 hours. After that 
time the air bubble (3) was formed at the tip of the syringe needle of 1.81 mm diameter (5) 
immersed in the oil and the container was slowly moved towards the gas bubble until the 
bubble was completely immersed in the particles. Next the bubble was withdrawn from the 
bed of particles by slowly lowering the stand and the coverage of bubble with particles was 
estimated directly from high resolution images of bubbles with attached particles taken by 
video-technique (7) (Pacek et al. 1994). The three phase contact angles between particles, gas 
and oil were calculated from the degree of coverage of the bubble surface by the particles.   
 
 
3. Results and discussion 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
10 
 
  
3.1. Dispersive component of particles surface energy measured using alkanes 
Molar free energies of adsorption (RTlnVn) of set of alkanes on alumina, silica and 
zirconia catalyst calculated from net retention volumes measured at different temperatures are 
summarised in Figure 3. There is a nearly perfect linear relation between the product of 
alkane molecular area and square root of surface tension and energy of adsorption at all 
investigated temperature as theoretically predicted by the combination of Eq 6 and 9 
(Rodriguez et al. 1997; Liu et al. 1998).  As expected, the higher the molecular weight of 
alkanes the larger the energy of adsorption and the longer the retention time. The free energy 
of adsorption of the consecutive alkanes increased with the molecule size, i.e. in the 
investigated case the dispersive forces between particles and non-polar liquids increases with 
number of alkyl groups (-CH3). This and the fact in all investigated systems the energy of 
adsorption decreases with temperature indicate that the results are consistent.  
 
Dispersive components of surface free energy ( γld ) were calculated, based on the equation 9, 
from the slope of the best fit lines in Figure 3 and are summarised in Figure 4.   
 
Higher dispersive component of the surface energy of the particles compared to 
paraffin oil and n-decane surface tension (Table 1) indicate that liquid will tend to spread 
completely over the solid surface (energetically more favourable position). This means that in 
the three phase system (air/non-polar liquid/particles) at ambient conditions the particles will 
tend to remain in the bulk of liquid. 
Figure 4 shows that the dispersive component of surface energy linearly decreases 
with temperature what agrees with the results reported in the literature for  Pd/Al2O3 (Diaz et 
al. 2004), Pd/SDB catalysts (Xie et al. 2000) and activated carbons (Diaz et al. 2005). Since 
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surface tension of the liquids decreases linearly with temperature, therefore measured surface 
energies of solid were approximated by linear correlation (Israelachvili 2011). 
In general there is good agreement between the values of the surface free energy 
reported in literature and the results shown in Figure 4. Diaz et al. (2004) reported surface 
free energy of γ-Al2O3 measured by inverse gas chromatography of 59.3 mJ/m2 at 200°C 
whereas this studies gives 25.3 mJ/m2 for alumina at this temperature. The dispersive parts of 
surface free energies of crystalline silica and fused silica reported in literature are 31.78 
mJ/m2 and 37.81 mJ/m2 at 140°C respectively (Yang and Yoon 2007) are close to 24.8 mJ/m2 
measured here. Considering that the dispersive part of the surface free energy of particles 
strongly depends on the method of production and thermal treatment the values obtained in 
this work  seem to be in a good agreement with the literature data.  
 
3.2. Particles in three phase system 
 
Calculated dispersive component of the particles surface energy allows estimation of 
the position of the particles in gas/non-polar liquids (e.g in low dielectric constant 
hydrocarbons) system based on thermodynamical equilibrium. System net change of energy 
upon particles detachment from the gas/liquid interface to bulk of the liquid (based on Eq. 1) 
was calculated for each catalyst particles for non-polar liquids, decane and paraffin oil. 
Results were extrapolated to 25oC (Figure 5). 
 
The more positive the net change of energy, the more energetically favourable the 
presence of the particles in the bulk of the liquid. Negative values mean that the position of 
the particles on the interface is energetically favourable.  
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In the paraffin oil, at all temperatures, silica particles revealed the lowest net change 
of energy (∆E). This means that these particles are likely to stay on the interface.   
Interestingly, in the Fisher Tropsch synthesis conditions (T =2100C), the net change of energy 
with the silica particles is negative, what indicates that silica catalyst particles tend to attach 
to the surface of the bubble. It is impossible to predict the position of catalyst particles under 
such processing conditions based on the values of the contact angle alone. Clearly these 
particles show smallest attraction to the paraffin oil what is also consistent with the lowest 
dispersive part of surface energy as compared to zirconia and alumina. It can be therefore 
concluded that also at room temperature, interaction of silica particles with oil is weakest 
what results in the largest work of particle attachment. Silica particles suspended in decane 
would not show strong attachment to the air/decane interface.   
Calculated energy of the particles detachment from the bubble surface to the bulk of 
liquid is always positive for alumina and zirconia particles (Figure 5a). This indicates that 
both these particles are expected to stay suspended in the bulk of liquid rather than at the 
liquid/gas interface. Changes of the energy for the zirconia particles is largest, therefore these 
particles are most likely to remain in the bulk of the liquid.  
 
3.3 Position of particles in the single bubble/non-polar liquid system 
The particles attachment to the bubble suspended in high and low viscosity non-polar 
liquids was investigated following methodology described in the section 2. Figure 6 shows 
typical images of the particles and bubble in the paraffin oil (6a) and in the n-decane (6b). 
The experiments clearly show that some particles remain at the air-paraffin oil or air-
decane interface what indicate certain degree of particles lyophobicity. This is rather 
unexpected when the contact angle values are considered. Previously published 
measurements of the contact angle between particles and paraffin oil showed that particles 
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are lyophilic, i.e. zero contact angle was obtained for all particles (Al2O3, SiO2 and ZrO2) 
(Nowak et al. 2013). These results suggest that the particles tend to stay in the bulk of the 
non-polar liquid rather than at the gas/liquid interface. Based on the contact angles values one 
would expect complete wetting what is observed here as it can be clearly seen in Figure 6 that 
some particles remain attached to the bubble. Such contradiction proves that the prediction of 
the particle position in gas/soild/liquid system based only on the values of contact angles 
might lead to wrong conclusions. Figure 6a clearly shows that there is certain amount of the 
silica particles attached to the bubble as well as several alumina particles. In decane, few 
silica particles were visible at the gas/liquid interface. Zirconia was not present at the 
gas/liquid interface neither in the paraffin oil nor in the decane.   
 
The above images agree well with the results shown in Figure 5 representing the 
trends in the degree of particles wettability. It appears that silica is the least wettable by the 
paraffin oil (and decane) with even negative ∆E at different temperatures. The alumina 
particles are slightly better wetted but the zirconia particles are clearly the most wettable 
particles. These trends agree well with the observed amounts of different particles attached to 
gas bubble in non-polar liquids investigated here.  
In general, for the negative values of ∆E attachment of the particles to the bubble 
surface is more favourable than suspension in the bulk of the liquid. At ambient temperatures, 
∆E for silica particles in paraffin oil is positive, however is close to the zero (Figure 5a)). In 
the image however there is significant amount of particles attached to gas/liquid interface 
(Figure 6a). Also, few silica particles attached to the surface in air/decane system is 
unexpected since in this system ∆E is positive.  Alumina particles have moderately positive 
∆E in paraffin oil but still the minute attachment was observed (compare Figure 5a and 6a). 
No particles are present at the air/decane interface what agrees with the positive values 
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calculated for this system. Zirconia particles had the largest positive values of ∆E what is 
with very good agreement with observed complete absence of particles at either air/paraffin 
oil or air/decane interface (Figure 6). 
Though the general trends in the ∆E values for all investigated systems are in a good 
agreement with the observed particles attachment, the absolute values of ∆E are less 
consistent.  There might be two reasons for this. For each system, ∆E was calculated based on 
the dispersive component of the surface energy obtained from the linear extrapolation of the 
results obtained at 100-210°C to room temperature which might already carry certain error. 
More important however is the procedure used to test the particles attachment to bubble. 
Bubble is practically pushed into the particles bed (see Figure 2) therefore additional force is 
exerted on the particles-bubble interface.  The particle to the bubble attachment results mostly 
from the capillary force, which is proportional to the circumference of the part of particle 
protruding into bubble (2piRp) (van der Zon et al. 2002; Omota et al. 2006). During the 
particle attachment experiment, bubble is pushed into the particles bed what might increase 
penetration of particle into bubble, therefore larger circumference, hence larger capillary 
force. Such additional ‘pushing’ force might be especially important when particles are 
porous. The liquid might drain from the pores at the time the bubble is pushed into the 
particles bed increasing the tendency of particle to remain attached to the bubble. Therefore 
at room temperature, the data should be considered as trends rather than absolute values.  
Using the Young definition of the contact angle and the expression for the energy 
change, the contact angle can be calculated at high temperatures. From the following relation 
(for the non-polar liquid) 
 
( ) ( )θγγγγ cos122 lg2/1lglg −=⋅−=∆ ddsgE    (10) 
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contact angles between silica and paraffin oil can be calculated and are 23° and 33° at 170°C 
and 210°C respectively.  
 
4. Conclusions 
 
This paper presents method of predicting the position of fine catalyst particles in 
gas/oil system at s at elevated temperatures.  Since the wettability of particles with paraffin 
oil (or decane) cannot be reliably described by the contact angle, another approach, based 
purely on the interfacial energies of the considered system is proposed here. This approach 
identifies differences in interactions between different particles and liquid. 
Work/energy of particles attachment to bubble suspended oil is employed as a key 
parameters and it replaces the contact angle commonly used to assess the position of 
particles. Direct measurements of particles to bubble attachment prove that the proposed here 
method works and that contact angles cannot be use  to predict the attachment.    
Zirconia particles has the largest dispersive component of the surface energy, 
therefore its interaction with non-polar oil is the strongest what indicate  zirconia particles 
suspended in non-polar oil/gas dispersion should tend to stay in the bulk of liquid.  On the 
other hand dispersive interactions between silica and non-polar oil is the weakest what 
implies that non-polar oil will not tend to spread on silica surface and silica particles suspend 
in gas/oil dispersion will tend to stay at the interface.  
 
Nomenclature  
a the cross-sectional area of the probe defined in Eq. 8, m2 
C corrective pressure in Eq. 5, 
21 H O
out
P
C
P
= −
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∆E change of the three phase system energy upon particles detachment from gas/liquid 
interface as defined in Figure 1, J/m2 
F volumetric flow rate in Eq. 5, m3/s 
Gads adsorption energy (in Eq. 6, 7), J 
j James-Martin factor for the correction of gas compressibility under pressure difference, 
in Eq. 5 
2
3
1
2
3
1
in
out
in
out
P
Pj
P
P
 
− 
 
=
 
− 
 
   
M  molar weight of the solute, g/mol 
NA Avogadro constant, 6.02.1023 mol-1 
R universal gas constant, 8.314 J/mol K  
tr  retention time, s  
t0  dead time, measured with methane, s  
T  column temperature, K 
VN retention volume, m3/g  
Wa, c work of adhesion and cohesion as defined in text, J/m2 
 
Greek symbols 
γlg gas/liquid surface energy, J/m2 
 γsg gas/solid surface energy, J/m2 
 γsl soli/liquid surface energy, J/m2 


 dispersive component of liquid surface tension, J/m2  


 dispersive component of solid surface energy, J/m2  
γl liquid surface tension, J/m2  
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ρ liquid density, kg/m3  
 θ  three phase contact angle, deg  
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Figure 1. Energy associated with particles detachment from the gas/liquid interface  
 
Figure 2 Experimental rig for investigations of the attachment of particles to the single 
bubble: 1 – particles, 2 – liquid , 3 - bubble, 4 - glass container, 5 – syringe, 6 – adjustable 
height stand, 7-8 – video microscope computer system  
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Figure 3 The adsorption free energies of the alkanes on the a) Al2O3, b) SiO2 and c) ZrO2 as a 
function of temperature  
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Figure 4 Dispersive components of particles surface energy as a function of temperature  
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Figure 5 Change of energy (∆E) in the three phase system upon particles detachment from the 
bubble in a) paraffin oil and b) decane 
 
 
Figure 6 Particles and bubble in a) paraffin oil and b) decane (the size of each image 
3.6x2.8mm)  
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b) Al2O3 SiO2 ZrO2
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Table 1. Properties of liquids used in the experiments (Rodriguez et al. 1997; Liu et al. 1998; 
Yaws 2003) 
Liquid probes 
a, 
Å 
Surface tension 
(=γld), mN/m 
Density,  
kg/m3  
Viscosity, 
mPa.s 
n-hexane
 
51.1 18.4 656 0.296 
n-heptane 57 20.3 682 0.390 
n-octane 63 21.3 699 0.511 
n-nonane 69 22.7 715 0.672 
n-decane - 23.8 728 0.863 
paraffin oil - 31 873 103 
 
Table 2. Temperature, pressure and flow rates of inert gas carrying solvent probe  
 Al2O3 SiO2 ZrO2 
Mass, g 0.4593 0.3691 0.5926 
P, kPa 511 344 172 
Fl
o
w
 
ra
te
s 
 
 
m
l/m
in
 
100°C 10 4 33 
140°C 8.82 3.66 29.9 
180°C 7.69 3.22 25 
210°C 7.14 3 18.7 
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Research Highlights: 
 
• Thermodynamical description of the interfacial/surface energies at the three phase 
contact 
• Position of particles in a three phase solid/gas/liquid systems in a function of 
surface/interfacial energies  
• Particles to bubbles attachment in organic liquids  
 
